ABSTRACT: Iron bioavailability in unleavened white and wholegrain bread made from two commercial wheat varieties was 11 assessed by measuring ferritin production in Caco-2 cells. The breads were subjected to simulated gastrointestinal digestion and 12 the digests applied to the Caco-2 cells. Although Riband grain contained a lower iron concentration than Rialto, iron 13 bioavailability was higher. No iron was taken up by the cells from white bread made from Rialto flour or from wholegrain bread 14 from either variety, but Riband white bread produced a small ferritin response. The results probably relate to differences in 15 phytate content of the breads, although iron in soluble monoferric phytate was demonstrated to be bioavailable in the cell model. 16 Nicotianamine, an iron chelator in plants involved in iron transport, was a more potent enhancer of iron uptake into Caco-2 cells 17 than ascorbic acid or 2′-deoxymugineic acid, another metal chelator present in plants. 18 
The form in which iron is present within the grain affects its grain has also been reported to enhance iron uptake in both cell 64 and murine models. 19, 21 Another chelator of iron uptake is 2′-65 deoxymugineic acid (DMA), which is synthesized via NA 66 aminotransferase in graminaceous plants. 22, 23 DMA is a 67 phytosiderophore, and thus has a high affinity for ferric iron, 68 and plays an important role in the solubilization and acquisition 69 of iron(III) by the plant from the rhizosphere. 23, 24 In a previous 70 study using SEC-ICP-MS to measure the iron speciation in 71 Rialto and Riband, 11 we found that iron complexed with NA/
72
DMA accounted for 19.3 and 32.1% of the total iron in the 73 white flour fraction in Rialto and Riband, respectively. In the 74 whole grain, Fe-NA/DMA accounted for 5.3 and 7.3% of the 75 total iron in Rialto and Riband, respectively. Our method did 76 not allow a separation of Fe−NA from Fe−DMA as the two 77 complexes are very similar. Therefore, increasing NA and/or 78 DMA is another strategy for increasing bioavailable iron in 79 plant foods, but this requires the use of transgenic technologies. 80 The aim of this research was to investigate whether there are 81 differences in iron availability between unleavened bread made 82 from wholegrain and white flours from two commercial wheat 83 cultivars differing in the total iron concentration (Rialto, a hard 84 wheat used for bread, which is high in iron; and Riband, a soft 85 wheat used for biscuits and cakes, which is low in iron). Caco-2 86 cells are widely used as an in vitro model to study iron 87 six-well plates, and the cells were washed twice with 2 mL of PBS.
160
Deionized water was then applied to each well, and the Caco-2 cells 161 were scraped off using an inverted 10 μL pipet tip. The cell suspension 162 from each well was sonicated on ice, three times for 5 s, using a probe 163 sonicator and stored at −20°C. a Total Fe (±SE, n = 3) determined by ICP-MS. b Analysis of phytate was performed using a commercially available kit (K-PHYT 12/12 Megazyme, Ireland), as per the manufacturer's instructions. Eiither 0.5 of 1.0 g of sample was extracted with 10 mL of HCl followed by an enzymatic dephosphorylation step with phytase and alkaline phosphatase and precipitation using a color reagent prepared from AA in sulfuric and ammonium molybdate. The absorbance (655 nm) of free phosphorus and total phosphorus (±SE, n = 3) was compared to phosphorus standards using a Varioskan spectrometer (Thermo, Finland). Initially, the simulated digestion procedures were identical to those 165 reported by Glahn et al. 27, 38 However, due to the low iron content of 166 the flour samples, the sample volume was increased from 0.5 to 1 g 167 and subsequently to 3 g, which produced a thick digestate, so the 168 duodenal phase of the simulated digestion was performed in a test tube 169 for 2 h and not above the Caco-2 monolayer (the usual procedure in 170 Glahn's assay). Experiments with unleavened bread were initiated with 171 iron deprivation of the cells by switching from supplemented DMEM 172 to MEM. Twenty-four hours of simulated digestion 27,37 was then 173 carried out with the following modification: the duodenal phase of 174 digestion was continued for 2 h in test tubes (rather than over the 175 cells) at 37°C on a rotating table, and once completed all samples 176 were centrifuged at 21000g for 10 min to remove any sample residue, 177 which could have resulted in physical blockage of the dialysis 178 membrane. After centrifugation, 10% of the resulting supernatant from 179 each treatment was applied to the dialysis membranes and placed over 180 the appropriate wells. Cells were incubated for 1 h with the 181 supernatant at 37°C on a rotating 196 When appropriate, AA was added either at 1:9 molar ratio (Figure 4 ) 197 or various ratios ( Figure 5 ). The pH was adjusted to 2, and the 198 samples were incubated for 1 h at 37°C. The samples were diluted 199 with MEM to the desired iron concentrations (1.6 or 3.11 μg Fe/mL) 200 and incubated in a water bath at 37°C for 1 h. Because small 201 concentrated volumes of NA, DMA, or MFP solutions were used (600 202 μL were diluted in 6 mL), they did not markedly affect the pH of the 203 treatment solutions (the final pH was 6.9−7.0). Before addition to the 204 cell monolayers, all treatment solutions were filtered with 0.22 μm 205 syringe filters (Merck Millipore, Watford, UK). The cells were 206 incubated for 24 h and then harvested, sonicated, and analyzed as 207 described above.
208
Statistical Analysis. Unless otherwise stated, all statistical analyses 209 were performed using SPSS Inc. (Chicago, IL, USA; version 16.0.0). 210 One-way ANOVA with Tukey's post hoc was used to examine pairwise 211 differences on power-transformed data. Data are presented as the 212 mean ± SD. Differences were considered significant at p < 0.05.
■ RESULTS
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Caco-2 Ferritin Response to Unleavened Flat Bread 215 Samples: Simulated Digestion Experiments. Data obf1 216 tained from 1 g samples of unleavened breads (Figure 1 ) 217 showed that significantly more ferritin was produced with white 218 Riband flour than with wholegrain Riband and Rialto flours, in 219 the presence of AA (p < 0.005 and p = 0.004, respectively). 220 There were no significant differences in ferritin formation 221 between the wholegrain and white flour breads from the two f2 222 cultivars. When 3 g samples were used (Figure 2) , the cells 223 exposed to white unleavened bread (Rialto and Riband) 224 produced significantly more ferritin protein than cells exposed 225 to wholegrain breads (p < 0.0005 in both). Cells exposed to 226 white bread from Riband produced significantly more ferritin 227 than cells exposed to the other breads (p < 0.0005 in all 228 comparisons).
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To increase the cell response further, all flour samples were Ferritin concentration in Caco-2 cells exposed to digests prepared from 3 g of unleavened bread made from Rialto and Riband white and wholegrain flours in the presence of 880 μmol/L ascorbic acid (AA) expressed as ferritin concentration (ng/mg total protein, gray bars, y-axis). The phytate content (g/kg dry weight) of the unleavened bread is shown on the second y-axis and the iron content (mg/kg) on the x-axis. Data represent the mean ± SD (n = 6). Bars without a common letter (a−c) are significantly different, p < 0.05. (Figure 4 ) was significantly higher than to iron 252 with DMA (p < 0.0005), suggesting that NA is a more potent 253 enhancer of iron uptake than DMA (at the tested molar ratio). 254 The response was also significantly increased when AA was 255 added to the iron with DMA (p < 0.0005), but further addition 256 of NA had no extra effect. Riband and Rialto wholegrain flours (both contained 12 ± 7 304 μg/g), but Riband (990 ± 87 μg/g) had a significantly higher 305 total phenolic acids content (p = 0.026) than Rialto (833 ± 118 306 μg/g). As the ferritin response was higher in Riband, assuming 307 typical phenolic acids concentrations in the wheat samples used 308 in these experiments, this indicates that phytate is the main 309 determinant of iron bioavailability.
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The cell ferritin response was inversely proportional to the 311 concentrations of phytate and iron in the breads tested. 312 However, because the iron contents of the samples were not 313 the same, the AA/Fe molar ratios in the samples differed 314 (Table 2) , with the highest AA/Fe ratio being present in the 315 sample with the lowest iron content (Riband white unleavened 316 bread). The rationale for using the same amount of AA for all 317 samples is that when AA is used in excess/ it should have a 318 similar effect across all iron concentrations. 333 The lowest molar ratio of Fe/NA that was tested (1:0.25) had 334 an effect similar to that of AA at a 1:10 Fe/AA molar ratio 335 ( Figure 5 ).The most effective Fe/NA molar ratios observed in 336 this study were 1:1 to 1:4 ( Figure 5 ). Zheng et al. 21 also 337 reported that a 1:1 Fe/NA molar ratio was the most effective 338 for wild type rice and that a 1:4 Fe/NA molar ratio was most 339 effective for a transgenic rice grain expressing an additional 340 nicotianamine synthase (NAS) gene. However, these results 341 cannot be directly compared with those presented here as the 342 iron compounds were examined in the absence of a food matrix 343 and the test materials were not subjected to a simulated 344 digestion procedure.
345
In the samples studied the phytate levels had more influence 346 on iron bioavailability than total iron, a finding that should be 347 taken into account in the development of biofortification 348 
